The architecture proposed by Duan, Lukin, Cirac, and Zoller (DLCZ) for entangling distant atomic ensembles is addressed and analyzed. Its performance, in terms of fidelity and throughput, is compared to that of the quantum communication architecture using trapped rubidium-atom quantum memories that has been proposed by a team from the Massachusetts Institute of Technology and Northwestern University (MIT/NU). It is shown that the DLCZ protocol for entanglement distribution achieves a better throughput versus distance behavior than does the MIT/NU architecture, with both being capable of high entanglement fidelities. The DLCZ scheme also admits to a conditional teleportation scheme based on its entangled atomic ensembles, whereas the MIT/NU architecture affords unconditional teleportation based on its trappedatom quantum memories. It is shown that achieving unity fidelity in DLCZ teleportation requires photon-number resolving detectors; the maximum teleportation fidelity that can be realized with non-resolving detectors is 1/2.
INTRODUCTION
Entanglement is a fundamental quantum resource: it is the essential ingredient in the qubit teleportation protocol 1 by which quantum processors may be networked. Two architectures have recently been proposed-both using neutral atomsfor achieving long-distance high-fidelity qubit teleportation. The first is the atomic ensemble scheme of Duan, Lukin, Cirac, and Zoller (termed DLCZ hereafter). 2 The second is the trapped-atom approach suggested by a team from the Massachusetts Institute of Technology and Northwestern University (termed MIT/NU hereafter).
3 Qualitatively, the DLCZ architecture offers the advantage of working with easy-to-manipulate atomic ensembles, whereas the MIT/NU architecture is dependent on the very difficult task of trapping single atoms in high-Q optical cavities. To date, however, the quantitative treatment of the DLCZ approach has not been sufficiently complete to permit a detailed performance comparison with the MIT/NU construct. This paper will remedy much of that situation by examining the performance achieved by the DLCZ architecture in entanglement distribution and qubit teleportation.
Entanglement distribution is accomplished in the DLCZ architecture by weak coherent pumping of a Raman transition in each ensemble followed by path-erasing photodetection. In particular, collective excitation of an ensemble will radiate a single photon in a well-defined spatial mode. The output modes from the two ensembles are then routed to a common location, e.g., via optical fiber, combined on a 50/50 beam splitter, and detected by a pair of single-photon counters. Because the ensembles are coherently pumped, because the probability that both will emit Raman photons will be very low compared to the single-ensemble emission probability, and because the beam splitter combining erases any which-way information, observation of a photocount on one-and only one-detector heralds the entanglement of the two ensembles. By contrast, the MIT/NU architecture relies on an ultrabright, narrowband source of polarization-entangled photon pairs. One photon from each pair is sent down optical fiber to its own trapped-atom quantum memory. A non-destructive, cyclingtransition procedure is used to deduce that the two atoms have been loaded, i.e., absorbed the entangled photon pair. A coherent laser source, located at the midpoint between two atomic ensembles, stimulates Raman transitions in these ensembles. Occurrence of a single click on one-and only one-detector heralds the protocol's success, i.e., the atomic ensembles are then expected to be entangled. (b) Λ-level structure for the atoms in the ensembles: Ω is the Rabi frequency associated with the off-resonant (detuning ∆) pumping of the |g → |e transition; and gc is the coupling coefficient for the |e → |s transition.
DLCZ ENTANGLEMENT-DISTRIBUTION PROTOCOL
The DLCZ protocol for entangling two widely-separated atomic ensembles is shown schematically in Fig. 1 (a). The two ensembles-each consisting of N a identical atoms with Λ-level configurations, as shown in Fig. 1 (b)-are coherently pumped using a weak, off-resonant laser such that p c , the probability of occurrence of a Raman transition from the ground level |g to the meta-stable level |s , is very low. Because each atom in each ensemble is equally likely to undergo a Raman transition, the resulting Raman photon is matched to the symmetric collective atomic mode represented by the operator
where the sum is over the atoms in the ensemble. The forward-scattered Stokes light from such a Raman transition in each ensemble is routed over an L 0 -km-long path to the midpoint between the locations of the two ensembles. There, the outputs from these optical channels are combined on a 50/50 beam splitter (BS) prior to measurement by a pair of single-photon detectors (SPDs), D 1 and D 2 , whose dark-count rates will be assumed to be negligible. If only one ensemble undergoes a Raman transition, and this transition is detected by detector D k registering a count, then-because the pumping is coherent and the beam splitter erases which-path information-the two ensembles are left in the entangled state
where
are the atomic ground states and symmetric collective excited states of the left (L) and right (R) ensembles, respectively.
There are a variety of ways by which DLCZ entanglement distribution can err. First, there is the possibility that more than one Raman transition has occurred, e.g., two transitions in one ensemble or one transition in each. A single detector click might still occur in this case. For example, all but one of these multiple Raman photons might be lost en route to the detection set up, or all but one might fail to be detected because of sub-unity detector quantum efficiency. Alternatively, if the SPDs in Fig. 1(a) are Geiger-mode avalanche photodiodes (APDs)-which are incapable of distinguishing multiplephoton pulses from single-photon pulses-then the clicking of one and only one of the two detectors would not guarantee that only one Raman photon had been seen. In all of these circumstances the DLCZ protocol would announce that the ensembles were now entangled, according to Eq. (2), when in fact the joint state of these two ensembles would not be given by this expression. Hence any reliance on Eq. (2), say for the performance of qubit teleportation, would be unwarranted.
Other error mechanisms for DLCZ entanglement distribution include detector dark counts, which can masquerade as Raman photon detections, and the spatial-mode mismatch, which arises in a 3D-treatment of the atomic ensembles. 4 The dark-count rates of silicon Geiger-mode APDs are sufficiently low, at wavelengths of interest for several atomic species, that we shall neglect dark counts in our analysis. Moreover, spatial-mode mismatch can be mitigated by accepting some additional spontaneous emission, 4 whose significance is reduced by the off-resonant pumping and the signal-to-noise ratio enhancement afforded by the collective atomic behavior. 2 Thus, in what follows, we will derive the performance of DLCZ entanglement distribution when it is limited by the possibility of multiple Raman-transition events. Sub-unity quantum efficiency will be lumped together with propagation loss in our analysis, and we shall consider detectors that are incapable of distinguishing single-photon from multiple-photon events, as well as photon-number resolving detectors that can draw such distinctions.
Our analysis will proceed as follows. We start from the Gaussian entangled-state characterization of the atomic ensembles and their associated Stokes light, allowing for pump phase errors (coherence loss) that can seriously degrade entanglement fidelity. The Stokes light is then propagated through to the detection system, where the resulting transformed Gaussian state is used to evaluate the fidelity and throughput of the DLCZ protocol when either non-resolving photon detectors (NRPDs) or photon-number resolving detectors (PNRDs) are employed.
Atomic-Photonic Initial Joint State
Neglecting spontaneous emission, the joint state of a Λ-level atomic ensemble-held within a ring cavity of decay rate κ and pumped for t ∆ s at Rabi frequency Ω and detuning ∆-and its associated Stokes light is the entangled (two-mode squeezed) state:
In Eq. (4), S a and a p are the annihilation operators for the symmetric collective atomic mode and the effective mode for the Stokes light, respectively, and
specifies the squeeze parameter, r, for this state. Our calculations below will rely on an equivalent specification for this joint state, i.e., its antinormally-ordered characteristic function:
where ν = − sinh r, µ = cosh r, and Fig. 1(a) has the following antinormally-ordered characteristic function:
where ν L = exp(iθ L )ν and ν R = exp(iθ R )ν. Here, µ and ν are assumed to be real valued, with θ L and θ R modeling pump-phase offsets for the left and right ensembles. Because of the short-duration Raman pumping employed in the DLCZ protocol, these time-independent phase shifts can account for imperfect coherence in the pumping of the two atomic ensembles. For each ensemble, the probability, p c , of exciting a Raman transition in that ensemble is quite low under weak pumping, and given by p c = |ν|
Optical Channel Output
Figure 2 depicts our model for the optical channels shown in Fig. 1(a) . Here, propagation losses between the atomic ensembles and the 50/50 coupling beam splitter from Fig. 1 (a) are represented by fictitious beam splitters whose free input ports inject vacuum-state quantum noise. Additional fictitious beam splitters are placed after the 50/50 coupling beam splitter-again with vacuum-state quantum noise injected through their free input ports-to account for the sub-unity quantum efficiencies of the detectors shown in Fig. 1(a) . Thus, detectors D 1 and D 2 in Fig. 2 are taken to have unity quantum efficiencies. We shall assume that in Fig. 1 (a) the path losses from each ensemble to the coupling beam splitter are identical, as are the quantum efficiencies of the two detectors shown in that figure, because any deviation from these symmetry conditions will provide which-path information that reduces the entanglement fidelity achieved by the DLCZ Figure 2 . Notional model for the optical channels shown in Fig. 1(a) . Fictitious beam splitters are used to account for the loss of Raman photons and the quantum noise introduced by propagation from the atomic ensembles to the 50/50 beam splitter in Fig. 1(a) , and by the sub-unity quantum efficiencies of the detectors appearing in that figure. The detectors in Fig. 2 have unity quantum efficiencies.
protocol. So, hereafter, we will use η L = η R and η 1 = η 2 , which we combine into a system efficiency
We then have that the annihilation operators for the fields reaching the Fig. 2 detectors are
where a V and a V are in their vacuum states. These linear transformations preserve the Gaussian-state nature of their inputs.
In particular, using Eq. (8), we have that the joint state, ρ out , of the two atomic ensembles and their Stokes light arriving at the Fig. 2 detectors has an antinormally-ordered characteristic function given by
where ζ
Then, employing Eqs. (6) and (7) in Eq. (9), we get (10) which is a product of zero-mean Gaussian forms. Therefore, we can think of complex pairs (ζ
as zeromean Gaussian random vectors whose covariance matrices can be determined from Eq. (10) . In our subsequent analysis we will use this fact to evaluate probabilities of interest via Gaussian moment relations.
The output density operator can be written in terms of its respective antinormally-ordered characteristic function via the following operator-valued inverse Fourier transform relation:
ζ * a is the normally-ordered displacement operator.
Measurement Modules
The occurrence of a detection click on one, and only one, of the photodetectors D 1 and D 2 is used to herald entanglement distribution in the DLCZ protocol. We shall consider both non-resolving single-photon detectors (NRPDs), which are incapable of distinguishing multiple-photon pulses from single-photon pulses, as well as photon-number resolving detectors (PNRDs), which are capable of making such distinctions. The latter, which were not considered in the original DLCZ protocol, allow suppression of error events that were undetectable with NRPDs, i.e., the PNRD version of the entanglement-distribution protocol heralds entanglement distribution when exactly one photon is detected by the {D 1 
where I 1 and I 2 denote the identity operators for a 1 and a 2 modes, respectively.
Suppose that the DLCZ protocol (with either NRPDs or PNRDs) has heralded entanglement distribution, based on observing a click from D i and no click from D j , where i, j = 1, 2 and i = j. The post-measurement joint density operator for the two atomic ensembles, ρ pm i , can be found by projecting with M i followed by tracing out the photonic variables, and renormalizing, viz.,
is the probability that conditioning event (M i ) has occurred. The total probability that the DLCZ protocol heralds an entanglement distribution is then P herald = P 1 + P 2 . Note that P herald is not the probability that the atomic ensembles have been placed into the entangled state |ψ i if M i has occurred. The success probability, P success , for creating this entanglement is
i.e., the heralding probabilities, P i , must be multiplied by their associated entanglement fidelities, F i ≡ ψ i |ρ pm i |ψ i . These fidelities will be less than unity, because of higher-order (multiple-photon) components of the input state ρ in .
In the remainder of Sect. 2 we shall find the post-measurement states, {ρ pm i }, the heralding probabilities, {P i }, and the entanglement fidelities, {F i }, for DLCZ entanglement distribution. Both PNRD and NRPD systems will be considered.
Photon-Number Resolving Detectors
It can be easily verified that for any single-mode annihilation operator a and complex variable ζ, we have
Using these results, together with Eq. (14) and the PNRD cases from Eqs. (12) and (13), we get
whence, by means of Eq. (15) and the identity tr(D N (a, ζ)) = πδ(ζ), we find that
The above integral can be evaluated from moments that are directly identifiable from the Gaussian characteristic function in Eq. (10), and we obtain
Note that P 1 = P 2 , as a result of the symmetry of the optical channels and the measurement modules.
Non-Resolving Photon Detectors
Similar to the PNRD case, we start from
plus Eqs. (17), (11), (14), and the NRPD cases from Eqs. (12) and (13), and obtain
As was the case for the photon-number resolving detectors, we see that P 1 = P 2 holds for non-resolving detectors.
Comparison of Eqs. (20) and (23) reveals that P i for the NRPD case is higher than P i for the PNRD case. This is to be expected, because the heralding events included in the latter probability are a proper subset of those included in the former.
Fidelity of DLCZ Entanglement Distribution
The DLCZ entanglement fidelities realized with PNRD and NRPD systems are
and
where we have used
Both Eqs. (24) and (25) can be evaluated via moment analysis from the Gaussian nature of Eq. (10), yielding
where P herald is the heralding probability for whichever detection system is being considered. Here, the subscript E emphasizes that we are concerned with entanglement fidelity, and the equality of F 1 and F 2 follows from the symmetry of the optical channels and the measurement modules. Some further manipulation of Eq. (27) gives us the following explicit formulas for the entanglement fidelities of the two detection systems:
The unconditional probability that a single trial of the DLCZ protocol will leave the atomic ensembles in one of the entangled states-|ψ 1 or |ψ 2 , depending on which detector has provided the herald-is P success = F E P herald , i.e., F E is the conditional probability of a successful entanglement creation given that a heralding event has occurred. We see from Eq. (27) that P success is the same for both PNRD and NRPD systems. This means that the lower heralding probability of the PNRD system, relative to that of its NRPD counterpart, is exactly compensated by its higher entanglement fidelity. Inasmuch as the success events for the PNRD and NRPD systems are the same, their success probabilities must coincide. It is interesting to compare the behavior of the NRPD and PNRD entanglement fidelities as we vary key system parameters. First let us consider what happens when the pump-phase offsets, θ L and θ R , are both zero. Both the PNRD and NRPD F E expressions then approach (1 − p c ) 3 1 − 3p c (for p c 1) as the system efficiency η s approaches zero; this limit is in accord with preliminary results reported in the DLCZ paper.
2 In Fig. 3(a) , we have plotted F E versus η s for the PNRD and NRPD systems. From this figure we see that the PNRD system realizes perfect fidelity in the absence of loss (η s = 1), whereas F E = 1 − p c for lossless operation of the NRPD system. Figure 3(b) shows that the NRPD system is more sensitive to excitation probability (p c ) variations than is the PNRD system. For p c 1, both systems approach perfect fidelity, but significant fidelity degradations occur for larger values of p c . Indeed, from Eq. (28), we find that the NRPD system has zero fidelity at p c = 1, whereas the PNRD system achieves F E = η 3 s . Now let us examine the effect of pump-phase offsets. Equation (28) assumes that θ L and θ R are deterministic phase shifts. Although systematic (deterministic) phase shifts may be present in a real system, it is more important to study the effects of random phase errors. Presuming θ L and θ R to be independent, identically distributed, zero-mean, Gaussian random variables with common variance σ 2 θ , we obtain
by averaging Eq. (28) over these phase-offset statistics, from which it follows that σ 2 θ 1 is a necessary condition for achieving high entanglement fidelity in the DLCZ protocol.
MIT/NU VERSUS DLCZ ENTANGLEMENT DISTRIBUTION
The MIT/NU architecture is a singlet-based system for qubit teleportation that uses a novel ultrabright source of polarizationentangled photon pairs, 7 and trapped rubidium atom quantum memories 8 whose loading can be nondestructively verified.
3, 9 Figure 4 (a) shows a schematic of this system: QM 1 and QM 2 are trapped rubidium atom quantum memories, each L 0 km away-in opposite directions-from a dual optical parametric amplifier (OPA) source. As the overall structure of this architecture and its preliminary performance analysis have been described in considerable detail elsewhere, 3, 9, 10 we shall provide only a brief description sufficient to enable comparison with the DLCZ scheme.
Each optical parametric amplifier in the dual-OPA source is a continuous-wave, type-II phase matched, doubly-resonant amplifier operating at frequency degeneracy. Its signal (S) and idler (I) outputs comprise a stream of orthogonallypolarized photon pairs that are in a joint Gaussian state similar to Eq. (4).
3 By coherently pumping two of these OPAs, and combining their outputs on a polarizing beam splitter as shown in Fig. 4(b) , we obtain signal and idler beams that are polarization entangled. 7 These beams are routed down separate optical fibers to the trapped-atom quantum memories. A schematic of the relevant hyperfine levels of 87 Rb is shown in Fig. 4(c) . The memory atoms are initially in the ground state A. From this state they can absorb a photon in an arbitrary polarization transferring that photon's coherence to the B levels. By means of a Raman transition, this coherence is shelved in the long-lived D levels for subsequent use. However, because propagation and fixed losses may destroy photons before they can be stored, and because both memories must be loaded with a singlet state prior to performing qubit teleportation, the MIT/NU architecture employs a clocked loading protocol in which the absence of fluorescence on the A-to-C cycling transition provides a non-destructive indication that a memory atom has absorbed a photon. If no fluorescence is seen from either the QM 1 or QM 2 atoms in a particular loading interval, then both memories have stored photon coherences and so are ready for the rest of the teleportation protocol, i.e., Bell-state measurements, classical communication of the results, and single-qubit rotations.
8
A variety of error sources associated with the MIT/NU scheme have been identified and their effects analyzed.
9 Some are due to imperfections in the dual-OPA source, e.g., pump-power imbalance or pump-phase offsets between the two OPAs. Others are due to the time-division multiplexed scheme-omitted from our brief description of the MIT/NU architecture-needed to compensate for the slowly-varying birefringence encountered in fiber propagation. The most fundamental error source, however, is the same one we analyzed for the DLCZ protocol: the emission of more than one pair of polarization-entangled photons, in conjunction with propagation and fixed losses, may lead to loading events (both memory atoms have absorbed photons) that do not leave the memories in the desired singlet state. This error mechanism is the primary one we shall consider here, although pump-phase offsets will also be included.
For a single trial of the MIT/NU loading protocol, let P herald denote the probability that both memories are loaded, and let P success denote the probability that these memories have loaded the desired singlet state. These probabilities are the MIT/NU counterparts to the heralding and success probabilities that we derived in Sect. 2 for DLCZ entanglement distribution. Thus, for the MIT/NU architecture we have that F E = P success /P herald is its entanglement fidelity. From the work of Yen and Shapiro, 9 we know that
with
Proc. of SPIE Vol. 5842 139 In these expressions: the {θ i } are the pump-phase offsets for the two OPAs; |G| 2 is the normalized OPA pump gain (|G| 2 = 1 at oscillation threshold); Γ and γ are the OPA cavity's linewidth and its output coupling rate; Γ c and γ c are the memory cavity's linewidth and its input coupling rate; and η f is the transmissivity of the L 0 -km-long source-to-memory fiber propagation path.
Using Eqs. (27) and (28) for the DLCZ protocol, and Eqs. (30) and (31) for the MIT/NU architecture, let us compare the behaviors of the entanglement fidelities and throughputs of these two systems. The latter, defined to be RP success , where R is the rate at which either protocol is run, presumes that there are arrays of atomic ensembles (for DLCZ entanglement distribution) or trapped-atom quantum memories (for the MIT/NU architecture) that are loaded in succession. In Fig. 5(a) we have plotted the entanglement fidelities versus the total distance 2L 0 (in km) between the two atomic ensembles (DLCZ) or the two quantum memories (MIT/NU), and in Fig. 5(b) we have plotted the associated throughputs. The DLCZ curves assume the following parameter values: zero pump-phase offsets; p c = 0.01 excitation probability; η L = η R corresponding to 0.2 dB/km fiber loss; η 1 = η 2 = 0.5, and R = 500 kHz. The MIT/NU curves assume: zero pump-phase offsets; |G| 2 = 0.01; η f corresponding to 0.2 dB/km fiber loss; γγ c /ΓΓ c = 10 −0.5 (5 dB fixed loss per source-to-memory path); Γ c /Γ = 0.5; and R = 500 kHz. [Note that p c = 0.01 for the DLCZ protocol is an equivalent source rate to |G| 2 = 0.01 for the MIT/NU architecture.] Figure 5 (a) shows that the DLCZ protocol has a slight advantage in entanglement fidelity as compared to the MIT/NU architecture. This advantage, however, may well disappear due to random pump-phase offsets. In particular, if we let θ 1 and θ 2 , in the MIT/NU architecture, be independent, identically-distributed, zero-mean Gaussian random variables with common variance σ 2 θ , then averaged over this randomness the entanglement fidelity from Eq. (31) reduces to
which should be compared with Eq. (29). Superficially, it would seem that both the DLCZ and MIT/NU systems suffer similar pump-phase offset degradations. However, the MIT/NU architecture needs to stabilize the pump phases for two colocated OPAs, whereas the DLCZ protocol must stabilize the pump phases at a pair of atomic ensembles that are separated by a long distance (2L 0 ). The latter task will surely be far more difficult than the former.
Figure 5(b) shows that the DLCZ protocol has better throughput-versus-distance scaling than does the MIT/NU architecture. This behavior has a simple physical explanation. The DLCZ protocol relies on one Raman photon successfully traversing a distance L 0 and being detected, whereas the MIT/NU architecture requires a signal photon and an idler photon to successfully traverse a distance L 0 and be stored. 
Retrieval Pulse 
DLCZ TELEPORTATION SCHEME
The DLCZ teleportation scheme 2 is a conditional protocol for teleporting a qubit from one pair of atomic ensembles to another, see Fig. 6(a) . It assumes that ensembles {L 1 , R 1 } and {L 2 , R 2 } have each been entangled in singlet states by means of the entanglement distribution protocol described in Sect. 2, where ensembles {L 1 , L 2 } are co-located, as are ensembles {R 1 , R 2 }, with the latter pair being a distance L away from the former. The qubit to be teleported is the state
which is stored in two other ensembles, {I 1 , I 2 }, which are co-located with {L 1 , L 2 }. In particular, the objective is to make a measurement that transfers the {d 0 , d 1 } coherence to the remote ensembles {R 1 , R 2 }.
To accomplish this teleportation, we first pump the |s → |e transitions in the {L 1 , L 2 , I 1 , I 2 } ensembles with strong retrieval pulses that guarantee the emission of anti-Stokes (|e → |g transition) photons from every ensemble that was in its symmetric collective atomic state. Because these photons will be emitted in well-defined spatial modes, they can be routed to a pair of 50/50 beam splitters-as shown in Fig. 6 (a)-which are followed by four single-photon detectors (either NRPDs or PNRDs). The observation of a single click on one, and only one, of the detectors {D }, is the event that heralds completion of DLCZ teleportation. Thus, DLCZ teleportation is conditional, hence it can only be used if {I 1 , I 2 } can be restored to the state |ψ in when the heralding event fails to occur. In what follows we will sketch a derivation of the fidelity of DLCZ teleportation,
where P + is the probability of heralding on {D
are the desired output states for the {R 1 , R 2 } ensembles, and ρ ± out are their actual output states, conditioned on there being a P ± heralding event.
We shall assume that {L 1 , R 1 } and {L 2 , R 2 } have been placed in singlet states, and focus our attention on the losses and detector inefficiencies in the measurement modules shown in Fig. 6(a) . As we did in our treatment of DLCZ entanglement distribution, we shall model the losses and detector inefficiencies by beam splitters, of transmissivities η c and η d , which inject vacuum-state quantum noise through their free input ports, and take the detectors to have unity quantum efficiencies, see Fig. 6(b) . The initial state of all six ensembles is thus
We can quickly home in on the output state ρ out by multiplying out in Eq. (38), throwing away all terms that cannot lead to heralding, and then renormalizing. The resulting "short-form" input state is
The success or failure of DLCZ teleportation-given that a heralding event has occurred-can be understood by scrutinizing |ψ in short . A heralding event generated by the first two terms (the good terms) on the right-hand side of Eq. (39) yields the desired teleportation result, but a heralding event that is due to the last two terms (the bad terms) in this equation leaves the {R 1 , R 2 } ensembles in their ground states. Physically, it is easy to see what leads to this behavior. Heralding that is due to the good terms results from exactly two photons being detected: one from L 1 (or I 1 ) in the upper measurement module of Fig. 6(a) , and one from I 2 (or L 2 ) in the lower measurement module in that figure. The measurement-module beam splitters erase which-way information, and thus teleportation is completed. Now, suppose that we have perfect measurement efficiency (η m ≡ η c η d = 1) and consider what happens when the heralding is due to one of the bad terms. In this case three photons enter the measurement modules: either one each from L 1 and I 1 plus one from L 2 , or one from L 1 and one each from L 2 and I 2 . In either case the {R 1 , R 2 } ensembles are left in their ground states, hence the resulting ρ out will be outside the Hilbert space spanned by |ψ out R1R2 . So, whether or not the bad terms degrade DLCZ teleportation fidelity depends on whether the measurement modules can distinguish the good terms in Eq. (39) from the bad ones.
Suppose that the measurement modules have perfect (unity) measurement efficiencies, η m ≡ η c η d = 1. Then, all the photons in Eq. (39) will be detected by the measurement modules. Note that the photons entering the 50/50 beam splitters in these modules must be indistinguishable, lest they provide any which-way information. Recall that when a pair of indistinguishable photons enter a 50/50 beam splitter-one through each input port-they undergo quantum interference that makes both exit from the same output port.
11 It follows that a PNRD-based system will be able to distinguish the bad terms from the good terms, only heralding on the latter, whereas an NRPD-based system will be unable to draw such distinctions, and hence it will herald on all the terms in |ψ in short . Thus with perfect measurement efficiencies, the teleportation fidelity of the PNRD-based system is F T = 1 and that of the NRPD-based system is F T = 1/2.
By means of a straightforward, but lengthy, derivation, we have obtained both the teleportation fidelities and the heralding probabilities for the PNRD and NRPD systems when η m < 1. The results are as follows: 
In Fig. 7 we have plotted F T versus η m for the PNRD and NRPD cases. The NRPD system never attains high fidelity, because of its inability to suppress heralding from the bad terms in |ψ in short . The PNRD does realize high teleportation fidelity, but only when its measurement efficiency is similarly high.
DLCZ teleportation is rather different from MIT/NU teleportation. The DLCZ approach is conditional, hence it can only be used if the {I 1 , I 2 } ensembles in Fig. 6(a) can be restored to the state |ψ in when the heralding event fails to occur. The MIT/NU approach is unconditional, hence is suitable for networking quantum computers. On the other hand, the measurements required by the DLCZ scheme-high measurement-efficiency PNRD modules-seem significantly less challenging, given the current state of technology, than what is needed by the MIT/NU system, viz., Bell-state measurements on trapped atoms.
CONCLUSIONS
We have compared the performance of DLCZ entanglement distribution, which is based on atomic ensembles, with that of the MIT/NU architecture, which relies on trapped-atom quantum memories. We showed that the DLCZ protocol for entanglement distribution achieves a better throughput-versus-distance behavior than does the MIT/NU architecture, with both being capable of high entanglement fidelities. In contrast, DLCZ teleportation is conditional, and depends critically on the availability of high-efficiency photon-number resolving photodetectors, whereas MIT/NU teleportation is unconditional, but needs to realize Bell-state measurements within its trapped-atom quantum memories.
